We demonstrate the use of prepatterned polymer substrates with μm-sized grooves to enhance the low resolution of additive methods such as inkjet and gravure printing by a factor of 10. This enables their use for low cost flexible electronics. Droplets of ink dispersions with < 50 nm Ag nanoparticles with volumes in the nanoliter range were deposited on imprinted receiver pads and drawn into grooves by capillary action in an open-fluidics approach. Using this method, up to 2 mm long, 2 to 5 μm wide wires were created in U-and V-groove capillaries. The characterization of wire thickness before and after sintering revealed that ink supply of the already filled grooves continues from the reservoir during evaporation. By this, higher thickness is achieved than expected from the initial nanoparticle loading, and thus wires with sufficient electrical conductivity are formed. that the ink is entirely confined within the grooves and does not wet the https://doi.
Introduction
Printed electronics uses a range of processes to generate conducting electrical wires, pads or devices such as transistors. There are different strategies to place high resolution silver (Ag) nanowires on surfaces, such as photo-, electron or nanoimprint lithography (NIL) [1] however they require the use of pattern transfer methods (physical vapor evaporation, etching or lift-off) to convert a resist pattern into metallic wires. Inkjet [2] and gravure printing [3, 4] are low-cost additive methods used for printed electronics with low resolutions often in the range much larger than 20 μm [5] . In these two cases, after deposition of individual droplets of ink on the surface, either by jetting or by mechanical transfer from wells to a substrate, each droplet assumes the shape given by interaction of the droplet with the surface. This results in a small contact angle on hydrophilic surfaces and thus merging with neighboring droplets, forming a line or area necessary for a transistor, a wire or a connection pad [6] . For electrodes, Ag particle-based inks are used typically with 10 to 50 nm particles dispersed in a suitable solvent [7] . After drying, the nanoparticles merge into a densely packed agglomerated line, and a sintering step is needed to remove organic additives and to convert nanoparticles into grains. During heating a metal wire is formed by diffusion of Ag atoms with conductivity close to bulk Ag. The individual process steps need to be controlled to achieve high resolution, low line etch roughness (LER) and homogeneous thickness.
In order to lower the resolutions of these low-cost processes, different efforts have been undertaken to shrink dimensions. Either by advancing inkjet technology (using smaller droplet volumes and enhance placement accuracy) or by confining inks by additional means. In the case of inkjet printing, 400 nm wide lines were achieved with 1 μm wide nozzles, using an electrohydrodynamic jet printing setup which is still far from any industrial inkjet head [8, 9] . In the case of gravure printing, high-resolution printing below 5 μm was achieved in a roll-toroll setup with printing speeds on the order of 1 m/s. Also here best results have been obtained by using silicon (Si) wafers as printing plates, which is not a standard material for gravure printing [3, 10, 11] . Further efforts were undertaken to shrink dimensions of structures to 2 μm [12] . Apart from these developments, another strategy is to prepattern the substrate with μm-sized grooves, and to deposit ink with established concepts. In case of nanoimprint assisted inkjet printing [13] sub-μm gaps between Ag electrodes are generated by lift-off of a converted Ag film deposited on an imprinted PMMA film. In cases, when a polymer substrate is patterned by NIL and an ink droplet is much larger than the grooves, it spreads anisotropically on top of the line patterns but also inside grooves [14, 15] . The concept is well known in control of wetting behavior and basically relies on the fact that ink spreading can be controlled by surface topography [16, 17] . In contrast to this, open microfluidics focuses on ink spreading within capillaries and enables fluid transport over long distances by choosing appropriate solvents, surface energies and topographies [18, 19] . Here the aim is surrounding flat surfaces or spill into neighboring grooves. Most surface topographies consist of open channels with vertical sidewalls (for simplicity, here called U-grooves) or with slanted sidewalls which narrow down to the bottom of the channel (V-grooves). These channels exert high pulling forces on the viscous liquid due to Laplace pressure and surface tension and drag them along the capillaries [20] . Such open microfluidics is attractive because of its easy manufacturing (no bonding of lids) and accessibility; however, significant evaporation along channels and the formation of a meniscus forming on top of the liquid has to be taken into account [21] .
The method of open microfluidics has already been applied to the fabrication of top-gate thin-film transistors on plastic by using the concept of self-aligned capillarity-assisted lithography [22] [23] [24] . A functional liquid ink is deposited into the receivers (landing areas confined by high boundaries) by inkjet printing, and transported into the channels through openings by capillary action. We use a similar approach in the research presented here by pre-patterning the substrate both to control the spreading on surfaces used as receiver pads as, and to transport Ag ink in open grooves. The grooves are fabricated using NIL, either directly in the thermoplastic foils such as poly(ethylene) terephthalate (PET), polyethylene naphthalate (PEN), poly(methyl methacrylate) (PMMA), polycarbonate (PC) or cyclic olefin copolymer (COC), or into a polymer coating layer. Cross linkable materials can be used for this purpose such as Ormocers (inorganic-organic hybrid polymers) which are known for high chemical stability and low surface roughness, and therefore used as "banking" layers for printed electronics. NIL is upscalable to large area and high throughput by using rollto-plate (R2P) or roll-to-roll (R2R) techniques [1, [25] [26] [27] [28] . Eventually, paper based printed electronics becomes the goal of low-cost manufacturing [29] . After filling these patterned polymer substrates with Ag ink, a last sintering step is needed where the ink is converted into a solid metallic wire.
The aim is to present a simple concept which goes much below the current > 20 μm resolutions for conventional inkjet printing and even below the 5 μm suitable for open microfluidics. The applications are either electrodes, which are capillaries attached to one contact pad, and wires which connect two contact pads. The questions we were looking for in this research were the following: Up to which length can we fill capillaries with sizes around 2-5 μm, and what is the role of the solvent and its evaporation? How homogeneous is the wire thickness along the capillary? Are U-or V-shaped grooves more favorable to filling and post-processing? These results will help to choose suitable strategies for making transistors, sensors and transparent conductive electrodes by high throughput printing methods.
Experimental section
In order to create stamps for nanoimprinting U-grooves, rigid substrates containing inverse U-ridges with vertical sidewalls and flat top were obtained by spincoating a positive resist (Shipley 1805 G2, MicroChem Corp.) on 〈100〉 silicon (Si) wafers and prebaked at 115°C for 90 s. Patterning was done by contact photolithography (365 nm) with a mask with the designed structures on a SÜSS MA6 mask aligner. Then, without postbake, grooves were etched into Si with reactive ion etching (RIE) in an Oxford Plasmalab 100 ICP in a mixture of C 4 F 8 5 sccm, and SF 6 23.3 sccm, at a 1250 nm/min etching rate. Stamps to create V-grooves were obtained by initially applying a 100 nm Si 3 N 4 film by LPCVD on 〈100〉 Si wafers. A negative resist (AZ nLOF 2020, MicroChem) was spincoated on the coated wafers and prebaked at 110°C for 90 s. Patterning was also done by contact photolithography, and the resist was then postbaked at 110°C for 120 s. Si 3 N 4 was etched by RIE in a mixture of O 2 5 sccm, and CHF 3 40 sccm, at a 100 nm/min etching rate. Potassium hydroxide (KOH)-etching was applied on the exposed Si at 80°C for 3 min and the Si 3 N 4 masking layer removed by RIE. With UV-assisted NIL, the stamp with V-grooves was inverted into working stamp with Λ-ridges.
With these methods, 2.1 μm and 4.9 μm wide, 2 μm deep U-grooves, and 3.1 μm and 5.9 μm wide and 2.2 μm and 4.1 μm deep V-groove lines with an angle of 54.74°between the 〈100〉 and the 〈111〉 crystalline planes were formed in the silicon wafer surface case from 2 μm and 5 μm lines on the mask, respectively. For the final replication, the stamps with square and Λ-ridges were imprinted into a 150 μm thick poly(methyl methacrylate) (PMMA) (T g = 105°C) and a 50 μm thick polycarbonate (PC, T g = 148°C) foil using a Jenoptik HEX03 thermal imprint machine. Imprint for 10 min was performed at 180°C for PMMA and 160°C for PC at 10 kPa for both materials, demolding at 60°C. Smart'Ink S-CS01130 dispersions from Genes'Ink, France, in a carrier vehicle of alcohol and alkane with a specified nanoparticle loading of 20 ± 1 w/w% were used (resulting in~1.4 v/v% concentration). The Ag inks were deposited using a Biospot BT-600 from BioFluidiX or by placing the droplets on the pads manually with a needle. The droplet sizes were between 500 pL -5 nL volume.
Sintering of the created samples was done on a hotplate with the following heating profile: 3 min heating up to 95°C, standby for 2 min at 95°C (for solvent evaporation), then heat up to 150°C in 5 min (for sintering); keeping at 150°C for 30 min, then cooling back to room temperature. For height measurements of the deposited Ag nanoparticles, the grooves were analyzed using a confocal laser scanning microscope (CLSM) VK-X1000 from Keyence Corp., Osaka, Japan to determine the homogeneity of the Ag ink before and after sintering in V-and U-grooves. In case of PMMA, we observed thermal reflow, therefore in most cases we chose PC for which sintering did not lead to an apparent change in geometry. Individual defects were observed in optical microscope (OM) and a Zeiss Supra VP55 scanning electron microscope (SEM) at an acceleration voltage of 0.5-1.0 kV. Resistivity measurements were done after voltage was measured by connecting the sample with a microampere source of 10 μA since it was important to not generate electrical sintering due to a too high current [30] .
Results and discussion
Capillary networks consist of surfaces where macroscopic droplets of a functional liquid can be deposited on and spread. These channels are filled by depositing an ink droplet on the source of the channel without contact by using inkjet printer, or via contact by gravure printing. The ink reception surface at the source of the wires should allow the droplet to spread in a confined area and should serve as a reservoir for filling adjacent fluidic channels. Therefore it is typically hydrophilic or in case of special solvents receptive for that liquid. Since we intend to fabricate wires that are much smaller than the droplet size, we generate pads that serve both as an ink reservoir as source for the capillaries from which the channels are filled but also as electric contact pads (see Fig. 1 ).
Capillary filling of single channels

Microcapillaries and open microfluidics
Capillary action has been extensively studied using closed cylindrical microtubes [31] . This approach was used for microfluidic devices with lithographically patterned grooves made by photolithography or replication techniques such as nanoimprint lithography [32] . Filling is achieved by through holes in the lid or by using lateral infiltration of inks or liquids into channels, like with the MIMIC process [33, 34] . In open microfluidics, however, the liquid-air interface generates a different boundary condition for capillary transport. By tailoring the size and shape of such channels, fluids can be transported in these channels over long distances, typically much longer than the channel width and can be even used for capillary pumps [35] . For filling channels with metal inks (i.e. solvents loaded with nanoparticles), it is important to fill such channels reliably (defined thickness over wire length and width), without interruptions and shortcuts to neighboring wires after drying. In U-grooves, particularly with flat bottom and vertical sidewalls, particles tend to accumulate in the corners and connect at the bottom. In V-grooves the nanoparticles sink and accumulate in the bottom vertex resulting in a triangular shaped wire with maximum thickness in the center. Additionally we have observed that wire width reduction is further possible after solvent evaporation in case of inks with extremely low nanoparticle loading [36] . Certain cross-sectional shapes should be maintained along the channel, which might be hampered if significant solvent evaporation happens during the spreading of the nanoparticle dilution, leading to increasing viscosity and starvation of flow.
Wetting of prepatterned substrates
By dispensing of a droplet on top of an array of parallel microcapillaries, the dissipation of kinetic energy enables the liquid to penetrate and fill the trenches. We observed the same wetting states for the nanoparticle inks. There is an immediate transition from the Cassie-Baxter state (where the droplet sits on the capillaries on air pockets) to the Wenzel state (completely wetted surfaces) ( Fig. 1 ). After landing, the droplet immediately begins to spread anisotropically in the direction parallel to the lines due to pinning of the droplet to the groove edges during spreading towards the perpendicular direction. The initial droplet lands on and therefore covers several grooves simultaneously, and then spreads into an extended tubular shape [37] . This is a clear sign that spreading is inhibited laterally and since the drop tries to assume an energetically favorable shape, it spreads along the capillaries until reaches a contact angle assumed by the Wenzel case. The inks used in this research had a very low contact angle on flat surfaces, therefore when placing them on grooves with micrometer period; the contact angles were very low and not measurable.
In our case, since the wetting is very good, we also observe extensions of ink from the droplet continuously flowing in the capillaries beyond the droplet. Fig. 2 shows the spreading of the ink into the capillary trenches at different times after the initial deposition. While the droplet assumes an almost stable shape in longitudinal and lateral dimension, the ink spreads inside the capillaries over several hundreds of μm. Although several groups report similar results of droplets reaching out into the grooves, such long extensions were rarely seen, e.g. in [38] . The extensions are quite frequent if highly favorable wetting conditions occur and evaporation is limited. This is the case for solvent-based Ag inks. While contact angles for water are 87°and 89°on flat PC and PMMA, respectively, 6°is measured for the Smart'Ink S-CS01130 based on a carrier vehicle of alcohol and alkane. Similarly, extensions reported by Brinkman et al. were induced by electrowetting, but retracted due to the Laplace pressure if the electric field is switched off [39] .
Since the ink in the capillaries does not obey the rules of surface energy conservation of the large droplet, it advances until it reaches a second equilibrium of the open capillary. The droplet on one end, now acting as a reservoir, is typically much larger than the volume of the capillary to be filled, therefore provides an almost unlimited supply of ink. Therefore, as long as the wetting in the channels allows the liquid supply to be continuous, the ink advances in the channel without wetting the surfaces outside of the trench. Only when solvent evaporation in the capillary becomes significant the spreading starves along the capillary, leading to particles depositing on the bottom and sidewalls of the grooves during drying.
In order to achieve a homogeneous wetting of a receiver pad that serves as a reservoir for extensions, we dispensed ink on top of an array of parallel microcapillaries that has been designed to help confining and spreading the ink droplet (Fig. 3a) . The structures enable ink transport towards the capillary or capillaries attached to the reservoir, and the ink proceeds into the trench without overspill. Furthermore the placement accuracy does not have a strong influence on the filling of the capillary (Fig. 3c) , as soon as a small portion of the droplet touches the reservoir, the ink will be directed to the exit trench due to the design of the pad with guiding lines.
In Fig. 3b , it can be seen for 5 μm wide U-grooves printed in PC that identical spreading lengths of about 700 μm were achieved independent from the amount of liquid placed on the structured square receivers. The amount of ink filled in the reservoir has no influence on the spreading, as long as it is not depleted before the ink would stop spreading in the U-groove. An identical spreading length was achieved for arrow-shaped pads (see Fig. 3c ), which was designed for directed flow of ink towards the tip. The ink droplet volumes were typically in the range of 1 nL that results in spherical droplet of 0.12 mm diameter, fitting well for the 500 × 500 μm 2 receiver pads. The receiver pads work both for U-groove and V-groove topographies and for the attached capillaries of the same shape.
Spreading in single capillaries
For closed cylindrical channels, capillary-driven flow is well-described by the classical Washburn equation [40] . It balances the driving force provided by the decrease in free energy as the fluid wets the walls 
where x is the liquid penetration length in the tube, D is the tube diameter, γ and μ are the liquid surface tension and the viscosity, θ is the static contact angle characterizing the liquid/solid interaction at their interface. The Washburn's equation is valid when the capillary force is balanced only by the viscous force, which is true after the momentum associated with the initiation of the capillary flow dissipates away. Therefore, only Poiseuille flow and static advancing contact angles are assumed. Deviations from the Washburn equation have been observed in capillary flow, especially at short time-scales. Theoretical studies have shown that in early stages of capillary flow inertial effects dominate leading to x ∼ t 2 followed by x ∼ t, while at later stages, these effects are negligible and the dependence x 2 ∼ t is observed. Open microfluidics has been extensively investigated by Yang et al. [41] for different groove geometries. The presented simulations are showing a common agreement between closed and open capillaries, and a general Eq. (2) was found to describe the liquid penetration x in these capillaries, where C is a function of the groove size, shape, and contact angle.
However, for non-circular capillaries C cannot be calculated in a straightforward way. Open capillaries with certain groove shapes with constant cross-section, e.g. wedges with flattened bottom or U-shaped or rounded shapes do lead to these simple flow kinetics and are more difficult to calculate than V-grooves [42] . Corner flow (or edge wetting) becomes significant in a capillary with multiple edges at low contact angles (< 30°) and can significantly precede bulk flow in the microchannel depending on channel aspect ratio [43] . Rye et al. [44] conducted experiments of capillary flow in V-shaped grooves, featuring a geometry with a single vertex, where they found that C can be expressed as (3).
where h 0 is the groove height, K(α,θ) is a shape dependent parameter with α being the vertical angle of the groove. Chen has presented the hypothesis (4) that a non-circular cross section has an equivalent diameter.
with L contact the contact line length at the air/liquid/solid interface. For a circular tube, the equivalent diameter is the actual tube diameter, and the contact line length is the corresponding circumference [45] . For Vgrooves, the following formula (5) is valid.
= K( , ) [(cos -cos )/2 ·sin ]
And for other geometries, he referred to another study, by Rye et al. [46] , who showed (6) that.
with w being the groove width at its opening and S being the total arc length of the groove on a plane perpendicular to the groove axis. This would apply for shapes with square, trapezoid or rounded shapes (see Fig. 4 ). These calculations are often for microcapillaries in a typical microfluidic device with several 10 μm wide channels. We are here however presenting results for the channels with 2.1 μm width and for typical solvents used for Ag nanoparticles inks. For grooves with V-shape, using the contact angle θ = 6°for the Ag (6) with the arc length, we calculate D eqVarc = 0.72 μm, which is in accordance with the former calculation. It has to be noted that the first formula is only valid for small θ (with a convex meniscus) and does not give sound results for e.g. water with a contact angle of 89°on PC. Therefore, results only give very rough indication about filling speeds.
For the U-grooves tested in this work, with an approximation of the liquid penetration front profile shown in Fig. 4b and the contact line length of L contact = w U + 2·h U /sin45°, and for 2.1 μm wide and 2.0 μm deep rectangular channels, this would result in an equivalent diameter (4) D eqU = 2.5 μm, which is much larger than that of the V-groove with 3.1 μm opening but only 78% of the cross-sectional area. The ψ = 45°s tem from the fact that the meniscus advances with measured tilt angle of the meniscus plane. Using the data sheet values for the Smart'Ink S-CS01130 dispersion (for 20°C) we calculated filling speeds in Table 1 . The main conclusion is that while the U-groove a 0.4 mm long channel is filled already after 0.1 s, for a V-groove it takes 10 times longer. However, for larger grooves in the experiment, and for reasons we explain later, differences are difficult to observe experimentally.
Filling homogeneity of V-and U-grooves
The capillary is designed to be filled in a controlled way due to the confining properties of the patterned reservoir pads. If excess material on the pads need to be avoided (e.g. for restrictions of roughness in further process steps), the droplet volume needs to be adapted to the available pad volume. The capillary volume of a 500 × 500 μm 2 large, 2 μm deep pad is 250 times larger, a 100 × 100 μm 2 pad is 10 times larger than a 0.5 mm long, 2 μm wide and 2 μm deep single rectangular capillary. This volume is further reduced if the pad is internally patterned, (i.e., only 50% area consists of capillaries) or if several capillaries are attached to one pad, and the ink volume available for spreading could get close to the volume remaining in the pad. Nevertheless, the Laplace pressure of a small droplet (due to the small radius of curvature) is very small, and even smaller for a structured pad.
In Fig. 5 , the filling of a single U-shaped capillary is shown. The height of the filling is initially 1.5 μm and reduces to 1.0 μm after 480 μm to the right, where it abruptly stops. However, from the nanoparticle load aspect assuming a capillary that is only filled with ink with the volume of the trench, taking a~1.4 v/v% nanoparticle concentration and assuming a homogeneous coverage of the bottom, a 2 μm deep U-groove should be deposited with a 30 nm thick Ag film, which is in the range of the initial Ag nanoparticle size. The fact that we have > 1 μm wire thickness up to the point where the ink stopped means that more liquid ink is transported continuously along the capillary from the reservoir pad during the evaporation of the solvent. The evaporation at the open surface of the liquid inside the channel induces a convective flow of ink from the reservoir, until the particles concentrate to form a densely packed metallic deposit starting at the end of the channel and propagating all the way back to the reservoir [21, 47] .
Calculation of filling speeds only gives rough estimates, which coincide with the observations of filling times made in fractions of seconds. In comparison to the larger capillaries used until now in the cited literature, we are in a regime where speed seems to be in a range which makes filling observable (0.4 mm in 1 s for V-grooves). However, in contrast to the x 2 ∼ t relation given by the Washburn equation, filling does not just slow down but stops abruptly and the liquid front does not continue to advance. The liquid supply from the reservoir of the already filled grooves continues during evaporation. If the filling can be resupplied, then the thickness of this layer can be increased. Therefore, it is probable that with the channel sizes we are currently using, evaporation is in the same time range as filling. Currently it is difficult to say whether much smaller channels, for which particle sizes would become more critical, would enable faster drying while filling would slow down. In contrast to this, larger channels would fill faster, and ink would take more time to dry.
Maximum filling lengths of V-and U-grooves with different widths
Multiple pads were filled to determine the spreading abilities of different shaped grooves depending on the substrate material. Single Uand V-grooves joining an arrow shaped pad were examined. The average spreading (from approx. 40 samples per condition) can be seen in the graphic in Fig. 6 . The deviation was calculated after measuring the spreading length of every filled groove where no early spreading stop (e.g., due to embossing errors) were observed. For the wider channels, a length of~500 μm can be filled with both U-and V-grooves, and for both PC and PMMA. For the narrower channels, a length of > 300 μm can be filled for U-grooves in PC and PMMA, but onlỹ 200 μm for the V-grooves. U-grooves generally have better spreading abilities than V-grooves due to their larger surface areas; Ag ink spreads 6 . Experimental analysis of the average spreading using optical micrographs. Multiple capillaries that were filled from receiving pads to determine the spreading abilities of different groove shapes depending and substrate materials. Shape and widths are indicated in the graph.
1.5 and 2 times further in a U-groove in case of PC and PMMA material, respectively. The Ag ink spreads further on PMMA than PC in case of similar groove geometries, i.e., 39% and 7% further in U-and Vgrooves, respectively.
The maximum spreading length has also to be taken into account for wires that are filled from both sides. In Fig. 7 a V-groove in PC with 235 μm length can be seen, which has been filled first from the left (1st droplet) and then the right (2nd droplet) side. The upper lines of the longitudinal and lateral cross-sections are valid for the non-sintered case, the V-groove shape is indicated by dashed yellow lines. Similarly to the U-grooves, the higher thickness can only be explained by a continuous filling from the reservoir, while drying of the ink goes on. Taking a 2.2 μm deep V-groove, initially the left side has a thickness of 1.8 μm and a constant thinning of ink is visible towards the right achieving a minimum value of 1.6 μm at about 20% from the right. From the right side, the height is almost constant at 1.9 μm. Additional to the decrease, a sharp decrease down to~1.4 μm can be observed at the meeting point (but no interruption). We interpret the decreasing as the meeting point of the liquid flows. The filling from the left stopped abruptly (similarly as seen in Fig. 5 ), and acted as a barrier for the ink coming in from the right side. In many cases, the meeting point for the inks is visible coming from the two ends of the channels. If the channel length is less than twice the size of the average spreading, the meeting point will most probably move towards the end of the channel where the second ink droplet was placed (due to filling multiple pads there was usually over 30 s difference between placing droplets on the two ends).
Sintering self-assembled Ag nanoparticles into wires
Sintering is a process in which the nanoparticles merge by applying heat below the melting point. Adjacent particles partially coalesce due to diffusion and consequently the thickness decreases while the total surface area remains constant. During the heating process the solvent evaporates, organic coatings surrounding the individual nanoparticles are removed and the nanoparticles sinter into grains. This shrinkage determines the remaining thickness.
The homogeneity of the Ag ink was analyzed before and after sintering in V-grooves, and the shrinkage involved during the sintering step. This was compared to the geometry of the empty groove. Using this, we determined the degree of filling over the entire channel length. PC was used as a substrate, since PMMA is thermally reflowed at 150°C thermal sintering and thus can compromise the shrinkage measurement. As discussed before, we can see in Fig. 7 that there is a thinning of the Ag nanoparticle layer from the left reservoir to distance of about 190 μm, which remains visible after sintering. The blue area is the height difference between the dried and sintered state indicated by the upper and lower line in the longitudinal and lateral cross-sections. At the middle of the capillary (at~120 μm distance from both sides), the wire height in the center of the V-groove is reduced from 2.2 μm tõ 1.6 μm before and to~1.0 μm after sintering, which becomes almost constant over the entire capillary. The average volume of the V-groove was reduced to~50% after drying and to~20% after sintering, which is > 10 times larger than the expected volume reduction. The resulting wire is almost triangular-shaped with a concave meniscus.
By taking into account the minimum length of filling (depending on geometry, roughness, viscosity, wetting, corners and roughness/defects in a channel) we can either create open end electrodes by filling from one side, or fill from both sides to create wires between two pads. In the same way, we are able to create arrays of wires, (e.g. for heating devices) or interrupted wires (e.g. for capacitors and sensing). Fig. 8 shows an example of a double Ag wire with 5 μm distance between each other. Droplets were placed on four pads serving as reservoirs for capillary filling. Magnification shows that 5 μm wide trenches with 5 μm distance were filled without electrical connection between each other. Resistance was measured to be 37 Ω for an estimated Ag thickness of Fig. 7 . CLSM micrographs of a 3.1 μm wide, 235 μm long Vgroove filled from both sides, before and after sintering. Lateral V-groove cross-sections are indicated by dashed yellow lines. The blue area is the difference between the dried and sintered state. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 8 . Optical micrograph of a 2 mm long double line filled with Ag after filling two trenches from two sides each.
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Micro and Nano Engineering 3 (2019) [22] [23] [24] [25] [26] [27] [28] [29] [30] 500 nm with U-grooves, which results in a resistivity of 4.6 × 10 −8 Ωm, similar to the data provided by the ink supplier. Low placement precision of the droplet on the landing pad proved to be unproblematic and did not inhibit the filling, due to the self-assembling structure inside the reservoirs.
Conclusion
Open microfluidics is a viable approach to use low-resolution additive techniques in combination with prepatterned substrates. Different design elements were proven to be useful: Patterned landing pads which spread impinging ink and serve as reservoirs for capillary filling, capillaries with both U-and V-shapes which can be filled from one or both sides. Here, dynamic filling and drying enables to fill grooves to a higher level than that given by calculation of a static case taking into account a specific weight ratio of nanoparticles in the solvent. PMMA and PC were examined as substrates but results should be easily transferable to other materials such as PET and PEN, and Ormocer planarization layers. Since adjacent channels can be filled with no overspill, single electrodes can be used for interdigitated electrode arrays (IDEAs), or wire arrays for heating elements. The overall observations show that basic rules are valid for filling of capillaries with well-wetting inks, but the deposition of nanoparticles in the channels during and after filling have to be taken into account. The conductive wires are only formed during a sintering step, for which grain growth and possible deformation of the polymer substrate has to be considered. Overall, open microfluidics is a valid approach for shrinking dimension in printed electronics and reasonable wire lengths can be patterned for channel widths in the micrometer range.
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